Background The normal pupillary constriction to light is an involuntary reflex that can be easily elicited and observed without specialized equipment or discomfort to the patient. Attenuation of this reflex in optic nerve disorders was first described 120 years ago. Since then, pupil examination has become a routine part of the assessment of optic nerve disease. Clinical techniques The original cover/ uncover test compares pupillomotor drive in the two eyes, but requires two working pupils and is relatively insensitive. The swinging flashlight test is now the standard clinical tool to detect pupillomotor asymmetry. It requires only one working pupil, is easily quantified, and has high sensitivity in experienced hands, but interpretation of the results needs care.
Introduction
Reflexes are extensively used in clinical neurology to assess function in sensory or motor nerves. Reflexes are involuntary and therefore serve as objective indicators of function. The optic nerve forms the afferent limb of a number of brainstem reflexes that could potentially be exploited when testing its function, but the most useful has proved to be the pupil light reflex (PLR): the PLR can be easily observed, causes no distress or discomfort to the patient, and may be quantified. Moreover, the symmetry of the PLR to stimulation of either eye provides an opportunity to compare the pupillomotor drive in both eyes.
History
Galen of Pergamon is credited as the first physician to make clinical use of the PLR in the second century (common era). 1 When deciding whether or not to couch a cataract he would cover and then uncover each eye in turn while the patient gazed out of the window: covering the fellow eye produced disproportionate pupillary dilation when the cataractous eye had retrolental pathology. The association of PLR attenuation and optic nerve disease was not made until the end of the 19th century when Hirschberg 2 described a woman with acute visual loss. In view of the normal fundus appearance, her visual loss was initially thought to be hysterical, but demonstration of the absent PLR on the affected side confirmed the diagnosis of retrobulbar optic neuropathy. After 20 years, Gunn 3 published a series of cases in which he claimed to have been able to distinguish organic lesions from malingering on the basis of comparing pupillary escape (pupil dilation after prolonged light stimulation) in the two eyes. Kestenbaum devised a means of quantifying this phenomenon in his textbook 4 and coined the term 'Marcus Gunn pupil' to describe such an afferent pupil defect. Today, this eponym has largely disappeared but observation of the PLR has become an essential element in the examination routine for any patient with suspected optic nerve disease.
Clinical techniques
A number of techniques for testing the PLR have entered clinical practice. The original method for detecting an afferent pupil defect was Galen's cover/uncover test. This is based on the principle that when a patient looks at a diffuse but directional light source (eg the window), both pupils dilate very slightly if one eye is covered because the total pupillomotor drive has been reduced. In healthy subjects, a similar degree of pupil dilation is observed no matter which eye is covered, whereas in unilateral or asymmetric optic nerve disease the pupil dilation is greater when the 'good' eye is covered. It is a quick and simple test requiring no special equipment, but has disappeared from the modern clinical repertoire because it is impractical (we no longer have open windows to gaze through) and relatively insensitive. 5, 6 Moreover, the test requires two working pupils, it is qualitative and because a comparison is being made, it is therefore of no use in bilateral (symmetrical) disease.
The swinging flashlight test was first described by Levatin in 1959 7 and subsequently formalized by Thompson. 8, 9 Like the cover/uncover test, it is a technique for comparing the pupillomotor drive in the two eyes; unilateral or asymmetric optic nerve disease is associated with constriction of both pupils when the flashlight is shone in the good eye but dilation of both pupils when the flashlight is shone in the bad eye. Relative afferent pupil defects (RAPD) as small as 3 dB can be detected clinically, and sensitivity can be further enhanced by placing a 3 dB neutral density filter (NDF) in front of the suspected bad eye to widen the intereye difference in pupillomotor drive to a detectable level. 10 The degree of RAPD can be easily quantified by placing NDF, 11 crossed polarizing filters, [12] [13] [14] or Bagolini filters 15 of increasing value in front of the good eye until the RAPD is neutralized. The swinging flashlight test is now the most common pupil test in clinical practice. Like the cover/uncover test, it is quick and low-tech, but it has the additional advantages of requiring only one working pupil, is easily quantifiable, and much more sensitive. The test is deceptively simple, however, and requires considerable practice to perform reliably as well as care in its interpretation; inexperienced clinicians may induce an RAPD by unequal retinal bleaching 16 or by off-axis stimulation in patients with strabismus. Patients must not focus on the flashlight since accommodative miosis will be greater when the light is shone in the better eye. Normal subjects may show RAPD up to 3 dB due to natural asymmetry in pupillomotor drive from the two eyes. 17 Furthermore, anisocoria will generate RAPDs of approximately 1 dB for each 1 mm of anisocoria by limiting the amount of light entering the eye with the smaller pupil. 18 Media opacities may induce an RAPD in the fellow eye by increasing the scatter and thus the pupillomotor 'effectiveness' of the light stimulus. 19 Since the test is comparative, it cannot detect bilateral (symmetrical) disease nor can the results be straightforwardly compared between patients.
There are a number of other clinical tests using the PLR to test optic nerve function that have been suggested, but the only one to have enjoyed general popularity is measurement of the pupil cycle time (PCT). Stern 20 in 1944 first published the observation that if a small beam of light from a slit-lamp is directed into the eye, the subsequent constriction of the pupil turns off the stimulus, leading to pupil dilation that turns the stimulus back on producing endless cycling around this feedback loop. Dysfunction anywhere along the PLR pathway is expected to reduce the frequency of these oscillations and therefore prolong their period. The technique was largely forgotten until it was resurrected and improved by . 21 They used a horizontal beam 0.5 mm thick presented tangential to the inferior pupil margin, timed 30 oscillations using a stopwatch, and repeated this five times to give an averaged estimate of what they called the pupil cycle time (expressed in ms). Using this approach, PCT measurements have since been made in patients with a wide variety of optic neuropathies (optic neuritis, [22] [23] [24] [25] compressive optic neuropathy, 26, 27 glaucoma, atrophic papilloedema, traumatic optic neuropathy, and ischaemic optic neuropathy 25 ). The technique has the advantages of requiring only a slit-lamp and stopwatch, is simple to perform, and does not require a normal fellow eye for comparison. There are, however, a number of technical and theoretical drawbacks. The test as described by Miller and Thompson takes 5 min, a long time for both patient and clinician to concentrate at the slit-lamp. The background conditions and intensity of stimulus are not standardized. It is difficult or impossible to induce pupillary oscillations in patients with marked optic nerve dysfunction, making it a test most suited to patients with mild to moderate disease. The PCT measurement is influenced by resting pupil diameter 28 and will be prolonged by disease anywhere else in the PLR pathway, invalidating the test in patients with autonomic dysfunction (eg diabetics) or iris abnormalities (eg peripheral iridectomy). Moreover, the sensitivity of the test in detecting optic nerve dysfunction is predicted to be relatively low since most of the delay in the PLR is taken up in the neuro-effector junction at the iris sphincter muscle 29 rather than in conduction time along the optic nerve. 30, 31 Indeed, Miller and Thompson found that reducing slit beam intensity in normal subjects (effectively simulating the reduced pupillomotor drive of an optic neuropathy) had surprisingly little effect on PCT measurements. When compared with the swinging flashlight test, PCT measurement was found to be less sensitive in detecting mild unilateral abnormalities, 32 although not all authors have agreed. 24 
Laboratory techniques
The modern era of pupil research began in 1958 with the development of infrared video pupillography (IVP). 33 The iris is illuminated by an infrared source and the reflected light imaged by a video camera allowing movements of the pupil to be recorded in darkness. The stimulus parameters can be standardized using electronic photostimulators, and the PLR measurements automated using curve-fitting computer techniques. When comparing the two eyes, the RAPD can be quantified either by alternately stimulating the two eyes and adjusting the stimulus intensity until the response amplitude is the same 34 or by plotting the stimulus intensity-response amplitude relationship for both eyes and measuring the separation of the two curves. In theory, IVP should also detect an afferent pupil defect in an only eye or where the disease is bilateral and symmetric, but in practice the normal range of PLR amplitudes is frustratingly wide so only moderate to severe optic nerve disease can be confidently diagnosed.
All of the above clinical and laboratory tests use fullfield stimulation to elicit the PLR, that is, the light stimulus illuminates most or all of the fundus and the observed response is the sum of the pupillomotor drive from all areas of the retina. Attempts to measure pupil responses to perimetric light stimuli were first made by Harms in 1949. 35 Since then there have been a number of attempts to design equipment for performing manual [36] [37] [38] [39] [40] [41] or automated [42] [43] [44] [45] pupil perimetry, and even the M-sequence stimulation techniques from VERIS have been applied to the PLR with some success. 46 Results so far confirm that defects present in the visual field are generally matched by corresponding defects in the pupil field, suggesting that pupil perimetry has potential as an objective and quantitative means of assessing function in different areas of the visual field.
As research techniques, both IVP and pupil perimetry allow precise characterization of afferent pupil function in optic nerve disorders under controlled conditions, and assessment may be possible in patients unable to perform psychophysical testing. However, these tests rely on sophisticated equipment not generally available to most clinicians, and take time to perform. The spatial resolution in pupil perimetry is poorer than in visual perimetry because larger targets (usually Goldmann size V or 1.71) are needed to elicit pupil responses of sufficient size to measure reliably above the background pupillary 'noise'. 47 However, the greatest limitation to these techniques is the wide range of pupil responses in the normal healthy population. In our experience, PLR gain under physiological conditions varies over more than a two-fold range, and others have also reported a wide variability in the 'normal' amplitude of pupil responses;
48-52 as a result, individual PLR measurements can only be confidently diagnosed as abnormal by comparison with response amplitudes from the fellow eye or adjacent (unaffected) areas of visual field. When testing single eyes, IVP and pupil perimetry appear to be less sensitive than visual tests in detecting abnormal function in the optic nerve.
Correlation with other indicators of optic nerve function

Visual tests
The PLR integrates pupillomotor drive from all areas of the retina. It is of no surprise, therefore, that although RAPDs are usually seen in the eye with the worse acuity, there are numerous situations where the RAPD is found in the eye with the better acuity. 53 In general, the association between RAPD and visual acuity is poor. As expected, there is a closer correlation between RAPD and visual field loss. Thompson et al 54 used a weighted template to estimate the total deficit from Goldmann kinetic perimetry and found a reasonable correlation between intereye differences in these estimates and RAPD measurements. More recent studies have confirmed a significant correlation between visual field asymmetry from automated static perimetry and RAPD measurements. [55] [56] [57] [58] Put simply, the bigger the difference in visual field loss the greater the RAPD.
The association between visual function and afferent pupillary function in optic nerve disorders is convenient but not an inevitable consequence of the anatomy. Studies in both cat 59 and monkey 60 suggest that the PLR is mostly mediated by the W-class of ganglion cells, whereas X-and Y-cells are responsible for visual perception. The detailed neuroanatomy is not known in humans, but it is possible that when examining patients visual tests and pupil tests give information regarding function in different subpopulations of ganglion cell axons within the optic nerve.
It is interesting then that there are some conditions in which this normally close association breaks down. For example, there have been a number of case reports of apparently normal pupil reactions in patients with Leber's hereditary optic neuropathy. [61] [62] [63] This 'pupil sparing' was confirmed in some later studies 64 but not in others. 65, 66 The controversy has since been resolved by comparing pupil perimetry and visual perimetry results at corresponding retinal locations; the results confirm that visual field deficits exceed pupil afferent deficits by on average 7.5 dB at all retinal locations. 67 A similar degree of pupil-sparing has been found in autosomal dominant optic atrophy. 68 The opposite situation can also arise; we have found that pupil responses remain poor long after visual recovery from demyelinating optic neuritis, 69 that is, these patients show 'visual sparing'. It seems that the relationship between visual function and pupil function is not constant but varies according to the susceptibility of the different fibre populations to the disease process. 70 
Electrodiagnostic tests
Abnormalities of the visual-evoked potential (VEP) in optic nerve disease have been described for over 30 years, 71 but there have been only a few studies comparing these VEP changes with changes in the PLR. Measurements of the RAPD in patients with unilateral anterior ischaemic optic neuropathy (AION) 72 or optic neuritis 73 show a reasonably good correlation with the amplitude of the VEP but not its latency. Some authors have predicted that VEP latency should be better correlated with PCT measurements, but only weak associations were found in optic neuritis 24, 72 and none in AION, 72 presumably because the main influence on PCT is pupillomotor drive not conduction time along the optic nerve. No studies have been published comparing pattern ERG results with the PLR.
Ganglion cell loss
A number of pieces of indirect evidence suggest that PLR reduction may be linearly correlated with the proportion of nonfunctioning ganglion cells in the retina and optic nerve. In patients with unilateral rhegmatogenous retinal detachments, the magnitude of the RAPD correlates with the extent of the detachment 74 with each peripheral quadrant contributing about 0.35 log units of RAPD and macular detachment 0.68 log units. 75 Lagreze and Kardon 58 used data regarding the distribution of ganglion cells in human retina 76 to derive templates that, when superimposed on static or kinetic visual fields, give estimates of the percentage loss of ganglion cells: they found that RAPD measurements were strongly and linearly correlated with these estimates across a range of different optic nerve disorders. A number of histopathological studies have estimated the difference in axon counts between the optic nerves of patients showing RAPDs, 77, 78 but in all cases the RAPD was not quantified and so no post hoc evaluation of their relationship is possible. In a monkey model, retinal ablation using diode laser burns produced a threshold RAPD of 0.6 log units when between 25 and 50% of ganglion cells were lost 79 (implying that in humans, substantial optic nerve damage may occur before an RAPD is detectable), but unfortunately the relationship between the size of RAPD and degree of further ganglion cell loss was not investigated.
Uses of the pupil in optic nerve evaluation
Confirming the defect
The PLR has proved an invaluable clinical tool for establishing whether or not the optic nerve is working normally. In functional visual loss, the absence of an RAPD in patients with apparently unilateral optic neuropathy means that an organic cause is very unlikely, although false negatives can occur if there are media opacities, or if there is marked anisocoria. It has been estimated that a difference in mean defects on Humphrey field analysis of more than 8.7 dB implies functional loss if there is no detectable RAPD. 56 Bilateral functional visual loss, especially defects that respect the vertical meridian (hemianopias or quadrantinopias), is becoming increasingly common with the widespread use of automated static perimetry. Organic pathology can be convincingly ruled out by measurement of the PCT or by performing pupil perimetry. 80 In other patients, pupil signs may be equally important for establishing the organic nature of their visual loss. The presence of an RAPD may be the only objective sign of a retrobulbar optic neuropathy, particularly in patients with demyelinating optic neuritis, traumatic optic neuropathy, or compression of the anterior visual pathways. In cases involving medicolegal disputes the pupil evaluation, especially when supported by measurements using IVP or pupil perimetry, may provide useful objective corroboration of optic nerve dysfunction.
Quantifying the defect
Measuring the afferent pupil deficit sometimes has diagnostic value, especially in patients suspected of having dual pathology. For example, patients with unilateral retinal disease confined to the macula rarely show more than 0.5 log units RAPD; [81] [82] [83] if the measured RAPD is substantially greater, then further investigation is warranted to look for another occult cause, for example, compressive optic neuropathy. Tables of expected RAPD values for different pathologies have been published and serve as useful references. 84 The prognostic value of measuring an RAPD was recently emphasized for traumatic optic neuropathy. It is notoriously difficult to predict outcome in these cases, but the study by Alford et al 85 showed that patients with initial RAPD measurements 42.1 log units have much worse recovery than patients showing less initial RAPD. The value of serial measurements of afferent pupil deficit in patients with chronic optic nerve disorders such as glaucoma, idiopathic intracranial hypertension, or compressive optic neuropathy has not been established but merits study since psychophysical testing is not always reliable or possible in these patients.
Diagnosing the cause
It has already been mentioned that pupil defects and visual defects do not always match each other in optic nerve disease, and that the direction and extent of this pupillovisual dissociation may vary according to the aetiology. In some cases where the diagnosis is unclear, comparison of visual function and afferent pupil function may help to differentiate between rival diagnoses. For example, pupil-sparing is such a striking feature of Leber's hereditary optic neuropathy that its absence in a patient casts some doubt over this diagnosis as an explanation for the visual loss even in patients harbouring one of the primary mutations. 67 The value of estimating pupillovisual dissociation in diagnostically uncertain cases has yet to be proven, but as more data become available about pupil involvement in different optic neuropathies, it should be possible to set statistical limits to a putative diagnosis based on the comparison with visual function testing.
